The SPectrometer for Internal Conversion Electrons (SPICE) has been commissioned for use in conjunction with the TIGRESS γ-ray spectrometer at TRIUMF's ISAC-II facility. SPICE features a permanent rare-earth magnetic lens to collect and direct internal conversion electrons emitted from nuclear reactions to a thick, highly segmented, lithium-drifted silicon detector. This arrangement, combined with TIGRESS, enables in-beam γ-ray and internal conversion electron spectroscopy to be performed with stable and radioactive ion beams. Technical aspects of the device, capabilities, and initial performance are presented.
Introduction
Radioactive ion-beam (RIB) facilities have permitted the study of nuclear systems far from stability, where subtle features of the nuclear force may become more prominent. The study of nuclei at the extremes of the nuclear landscape offers decisive tests of our understanding of the atomic nucleus. Typically, however, the intensities of RIBs are below 1 × 10 6 pps, significantly lower than those of stable beams. This necessitates the development of advanced detection systems with high efficiency and resolving power.
The γ-ray spectrometer TIGRESS [1, 2] (TRIUMF-ISAC Gamma-Ray Escape Suppressed Spectrometer) is one such de-vice, adapted to the study of low-intensity RIBs. Utilising segmented, high-efficiency, high-purity germanium (HPGe) clover detectors, TIGRESS is used to perform in-beam γ-ray spectroscopy to reveal nuclear structure (energy levels, electromagnetic transition strengths and multipolarities) in rare nuclei. Ancillary detectors (e.g. recoil analysers [3] , charged-particle detectors [4] and recoil-distance devices [5, 6] ) are crucial to enhance reaction channel selectivity and measurement precision or to access complementary experimental data.
Internal conversion is a nuclear de-excitation process where the excitation energy of the nucleus is passed to an atomic electron, which is subsequently ejected from the atom. The energy of the ejected internal conversion electron (ICE) is equal to the nuclear transition energy minus the electron's binding energy. The binding energy is characteristic of the element and the atomic shell from which the electron was ejected. The rates of internal conversion for each atomic shell are highly sensitive to the multipolarity of the nuclear transition, with the relative rates being calculable from atomic theory (independent of nuclear structure effects). Hence, ICE spectrometers offer an alternative means to determine observables when other methods, such as high-statistics γ-ray angular distribution measurements, are not possible, or are insensitive to the physics of interest.
Electric monopole (E0) transitions, taking place between states of equal spin and parity, act as a probe of the degree of mixing and the difference in mean square charge radii ( r 2 ) of nuclear configurations [7] . E0 strength, particularly between low-lying 0 + states, is regarded as a key indicator of the shapecoexistence phenomenon widely occurring across the nuclear landscape [8] . E0 transitions via single-photon emission are strictly forbidden due to angular momentum conservation. Subsequently, electron-spectrometers are essential in the study of these transitions. In view of the physics opportunities offered by electron spectroscopy, a number of devices with various designs have been constructed at facilities around the world [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The SPectrometer for Internal Conversion Electrons (SPICE) has been constructed and commissioned for use in conjunction with the TIGRESS spectrometer to perform combined in-beam γ-ray and ICE spectroscopy at TRIUMF's ISAC-II facility with stable and radioactive ion beams. The basic concepts of the device were explored in detailed GEANT4 simulations by Ketelhut et al. [21] . In this article, we describe the various components of the SPICE detector (Section 2) and provide examples of the performance under typical operating conditions (Section 3).
Spectrometer Components
SPICE is an in-beam electron spectrometer, consisting of a single large magnetic lens, formed of rare-earth permanent magnets, and a highly segmented large-area lithium-drifted silicon [Si(Li)] detector located upstream of the reaction target. Fig. 1 shows SPICE coupled with the TIGRESS HPGe array. The electron detector is shielded from direct view of the target by a photon shield of high-Z material, which effectively suppresses beam-induced background radiation. The magnetic lens collects and guides electrons around the photon shield to the Si(Li) detector. This arrangement offers high detection efficiency over a wide range of electron energies, from ≈100 to ≈2000 keV.
The components of SPICE are housed within three detachable volumes, pictured in Fig. 2 . The Si(Li) detector is located inside a rectangular aluminium vessel which connects to the support structure and provides the cooling, pumping and electronics of SPICE. A liquid-nitrogen dewar is located on the top of the assembly, as seen in Fig. 1 . The vacuum chamber is connected downstream to a polymer (Acetal copolymer) cylinder housing the magnetic lens and photon shield assembly. The final volume consists of a dome-shaped polymer vacuum chamber, which facilitates access to the recoil detector and the targets mounted on the downstream face of the cylindrical chamber. Fig. 3 illustrates the relative positions of the spectrometer ele- ments. These two polymer volumes together form the reaction chamber of SPICE, which is surrounded by twelve Comptonsuppressed TIGRESS clover detectors, four at 45
• and eight at 90
• with respect to the beam axis.
Segmented Si(Li) Detector
The internal conversion electrons are detected with an annular Si(Li) detector 9 . The detector has an active area of ∼67.4 cm 2 , which is electronically segmented on the lithiumdiffused (ohmic) contact by laser etching into 120 individual elements. The elements are arranged into ten equal rings of 3.9-mm pitch and twelve sectors of 30
• pitch. The segmentation can be seen in Fig. 4 , a photograph taken before the silicon diode was installed into the detector housing. Two guard rings surround the inner and outer perimeters of the active area to inhibit the circulation of surface leakage currents, with radial thicknesses of 3 mm and 4 mm, respectively. A central hole of 10-mm diameter allows passage of the beam. The silicon wafer is ≈6.1 mm thick, which is sufficient for the detection of electron energies up to 3 MeV without primary electron punchthrough. This has the added effect of significantly improving peak-to-total ratios for electrons of lower energy. In normal operation, the junction contact is negatively biased at −900 V, applied in a DC-coupled configuration for noise suppression.
The detector is located 119 mm upstream of the central focal point of TIGRESS and the nominal target position, in the "shadow" of the photon shield. The detector is permanently mounted in an aluminium holder which encloses the signalcarrying printed circuit board (PCB). Detector segments are linked to the PCB by individual wire-bond connections. The holder is mechanically supported by a cold-finger plate. Two copper plates form the L-shaped cold-finger, shown in Fig. 1 . A large horizontal plate, with additional getter material fins, acts as both a heat conductor and as a cryogenic pump, supplementing a turbo-pump mounted on the side of the chamber. The detector operates at a typical temperature of −100
• C, monitored by a PT100 temperature sensor mounted in the detector holder. At this temperature the leakage current is <1 nA, leading to an energy resolution of ≈4-keV FWHM at 1 MeV. The vertical cold-finger plate is sandwiched by the detector holder and a second PCB on which 120 (one for each channel) fieldeffect transistors (JFETs) form the first stage of the preamplifier. A tantalum collimator with an inner diameter of 8 mm is mounted on the cold finger upstream of the detector, this shields the detector from direct irradiation by the beam.
Magnet Lens and Photon Shield
The neodymium iron boron (NdFeB) permanent magnetic lens consists of four identical magnet clusters. Each cluster consists of a central magnet in the shape of a rectangle cut at one corner (a three-right-angle pentagon) braced between a pair of shorter rectangular magnets to bolster the magnetic field towards the outer radius of the chamber. This geometry can be seen in Fig. 3 and details can be found in Ref. [21] . The four clusters are positioned at 90
• intervals around the beam axis, as shown in Fig. 5 . The magnets are also positioned such that they align with the Compton-suppression shields of the 90
• TI-GRESS HPGe clovers. This arrangement allows for a negligible shadowing of the HPGe clovers by the magnet material, and results in a minimal impact on the γ-ray detection efficiency or spectral quality. The magnetization is arranged such that the lens assembly produces a clockwise inhomogeneous toroidal field when looking downstream.
The magnet clusters are enclosed inside 2-mm-thick PEEK covers to reduce the low-energy electron background induced by charged particles scattering in the high-Z material of the neodymium. The sheathed magnet clusters are held in place at the wall of the polymer chamber and in slots of the photon shield which acts as the "keystone" of the lens assembly.
The photon shield is a truncated cone, tapered at 22
• , with the front face located 28 mm from the nominal target position. A 6-mm-diameter central hole allows the beam to pass through the centre. The shield is composed of three layers: a 25-mmthick layer of a 97.5% tantalum and 2.5% tungsten alloy, followed by 4 mm of tin and 1 mm of copper. The thickness of the Ta/W layer is sufficient to stop 99% of incident 511-keV photons. The tin and copper layers absorb K X-rays produced from the Ta/W (65, 67 keV) and Sn (28 keV) layers, respectively. Additionally, the surface of the photon shield is coated with a 0.2-mm-thick layer of Kapton to reduce back-scattering of incident low-energy electrons.
Small changes to the magnet specifications can be made to construct a lens with maximal efficiency in a region of interest for a specific experiment. Two complete magnetic lens assemblies have been constructed, the low-energy lens (LEL) with a maximum field strength of 0.15 T and the medium-energy lens (MEL) with a maximum of 0.22 T. The MEL features thinner and longer rectangular lateral magnets, which significantly increases the strength of the magnetic field towards the inner radius of the chamber making the spectrometer suitable for the detection of higher-energy electrons up to ∼1500 keV.
Target Wheel
The target wheel consists of a rotatable aluminium disk mounted on a PEEK plate, which serves as a support structure for the target mechanism and recoil detectors. It is mounted on stand-offs from the magnet lens chamber to ensure alignment between the two assemblies. The target wheel holds two or more reaction targets and two tuning apertures. The wheel can be rotated, by means of a gearing system connected to a mechanical vacuum-feedthrough located on the side of the upstream aluminium chamber, to select each reaction target or aperture without the need of breaking the vacuum, or warmingup the Si(Li) detector. Where possible, low-Z materials are used for all components to minimise γ-ray attenuation and the scattering of electrons. Target foils are mounted on 0.5-mm-thick aluminium frames with an inner diameter of 8 mm. Up to five targets can be mounted at the central focus of the HPGe detectors. Alternately, up to two targets can be mounted on extended pedestals 8 mm upstream (closer to the magnet-lens). In the latter case, a concentric 18-mm-diameter hole in the target wheel allows transmission of recoiling heavy ions to the recoil detection system located in the downstream side of the chamber. The upstream target position enhances the detection efficiency of electrons emitted in-flight from excited states with lifetimes in the range of several picoseconds to nanoseconds. In this case, the decay takes place in-flight between the reaction target and the target wheel plane. For longer lifetimes, a thick target can be used or a catcher foil can be mounted at the target wheel to stop the recoiling nuclei and detect their decay at rest.
The target wheel was originally designed with the capability of applying a bias voltage to each target frame for the purpose of suppressing δ-electron production. However, this feature has not been used because the design of the magnetic lens and photon shield alone has provided sufficient suppression.
Signal Shaping and Amplification
SPICE uses a custom-designed two-stage charge sensitive amplifier. The cooled front-end stage (located close to the Si(Li) detector on the common cold finger) is composed of 120 JFETs (type BF862), operated in a common source configuration 10 . Outputs from the JFETs are grouped into 8 sets of 15 signal-feedback 11 pairs. Unsheathed coaxial cables connect to the second-stage amplifiers on 8 external cards, located outside the vacuum on the top side of the aluminium chamber. A thirdstage buffer amplifier located on the cards provides gain and drives the output over 50 Ω coaxial cables to the data acquisition system. Typical output signals have a risetime of ≈200 ns and a decay constant of ≈40 µs. The gain is ≈200 mV/MeV.
Output signals from the preamplifiers are processed by TIG-10 100 MHz, 14-bit digitizer cards of the TIGRESS data acquisition system [22] . Real-time signal processing provides energy and timing information for each event. The option of collecting waveforms is available for more sophisticated offline processing.
Downstream Recoil Detectors
The downstream dome of the SPICE target chamber has an inner radius of 97 mm to accommodate recoil chargedparticle detectors. SPICE is typically operated with a MicronSemiconductor S3-type annular double-sided silicon-strip detector [23] . Nominally positioned 2.9 cm downstream of the target, an S3 has an angular coverage of 21-50
• . Detectors are mechanically supported on the target wheel by three brass rods and PEEK spacers. Shorter or longer spacers can be used to adjust the angular range up to a maximum recoil angle of ≈60
• before there is interference with the target wheel. The ohmic contact of an S3 is divided into 32 azimuthal sectors and the junction contact into 24 rings providing a polar angular resolution of ≤1.7
• when placed at the nominal distance. Signals are carried by a 64-channel high-density ribbon cable routed . Two sets of preamplifiers are available with suitable gain for the detection of either low-energy charged particles or highenergy heavy ion recoils. An additional S3-type detector can be mounted immediately downstream 12 of the first to perform ∆E − E identification of light charged particles, in order to provide reaction-channel selectivity. Such a configuration has been operated using 150 µm thickness ∆E and 1000 µm E detectors for identification of protons, deuterons, tritons and α-particles at energies of 5 to 40 MeV (See Section 3.2).
In the future, other ancillary detector systems, which have been designed to couple with the TIGRESS spectrometer on the downstream side can be combined with the SPICE+TIGRESS setup. Examples include the wall of CsI(Tl) detectors described in Ref. [5] which offers particle identification with radiation hardness, the DESCANT [25] neutron array and the recently commissioned EMMA [3] electromagnetic separator, which would enable additional sensitivity in channel selection.
Spectrometer Performance
The performance of SPICE has been characterised both with sources and during in-beam measurements conducted at TRI-UMF. Two experiments have been conducted to demonstrate 12 The second S3 is mounted on the same brass rods, 1 mm plastic spacers between the two PCBs ensure isolation of the signal tracks. Both detector signal cables share the same conduit. the capabilities of SPICE. A beam of 36-MeV α particles delivered by the TRIUMF-ISAC-II superconducting linear accelerator [26] was used to induce multiple reactions in a selfsupporting 110 Pd foil target (1.6 mg/cm 2 , 99.0% isotopic purity). In this beam time, the LEL was used and two S3 detectors were placed downstream in the ∆E − E telescope configuration to identify light ejectiles. In a separate beam time, 12 C ions at 68 MeV were incident upon targets of 152 Sm (4 mg/cm 2 , >99% isotopic purity) and 196 Pt (2.93 mg/cm 2 , 94.6% isotopic purity). The LEL was used and a single S3 detector was located downstream to detect 12 C beam recoils. Results from these tests are given as examples below to highlight key features and capabilities of SPICE.
Electron-detection Efficiency
In each experiment, one of the permanent magnetic lens assemblies must be selected such that the SPICE detection efficiency is best suited for the energy range of interest. The transport efficiency of both of the presently available magnetic lenses falls sharply for low-energy electrons. This feature is intentional and ensures strong suppression of the δ-electron background produced from the target during in-beam measurements. Low-energy electrons are directed into the photon shield where they are stopped and never reach the Si(Li) detector.
The detection efficiency for internal conversion electrons using both the low-and medium-energy magnetic lenses has been carefully studied with a series of detailed COMSOL and GEANT4 simulations [21, 27, 28] . The COMSOL calculations of the magnetic field strength were optimised to reproduce precise Hall-probe mapping of the inhomogeneous field. Figure 6 shows the simulated efficiency compared to absolute efficiency measurements using a NIST calibrated 207 Bi source. The simulation results shown here include the specific geometry of the calibration source and holder. The peak efficiency of the MEL, at 700 keV, is almost 10%, and the efficiency at 1 MeV is >5%. The good efficiency at higher electron energies is crucial for studies in A<100 nuclei. The efficiency drops to 1% by 1500 keV, however, at higher energies the dominance of internal pair formation usually makes ICE spectroscopy untenable. The efficiency of the LEL peaks at 350 keV and is greater than 14%.
Due to the strong and complex magnetic field of the target region, small differences in beam-spot position and size and target frames can modify the efficiency. These effects are particularly notable when using the low-energy lens. The grey lines in Figure 6 indicate the typical variation in the absolute efficiency which has been found from comparing a series of simulation results for different experimental conditions. The simulations explore the effects of reasonable differences in target or beam-spot position, as well as beam-spot diameter and reaction kinematics. It is found that both the exact shape of the curve as well as the absolute scaling can change between different experimental conditions and source measurements. There may also be additional energy-dependent electronic effects which can have an impact on the efficiency. As such, while simulations of the specific experimental conditions can provide the shape and magnitude of the efficiency curve, it is still important that any results from simulations be normalized to known transitions observed in the in-beam data for the energy region of interest 13 . This normalisation is typically achieved by using stretched E2 transitions in the yrast-band of a well-known even-even nucleus.
Using the well-understood TIGRESS efficiency, γ , at a particular γ-ray energy and the theoretical ICC from BrICC, α(E2) BrICC , the in-beam SPICE efficiency, e − , can be deduced for normalisation using:
where N e − and N γ are the number of counts detected for the electrons and γ rays, respectively. If it cannot be obtained from the main experimental data, then sufficient data for such a normalisation can typically be accumulated in just a few hours using a stable beam at the beginning or end of a RIB experiment.
Coincidence Measurements
SPICE is intended to utilise coincidence measurements to increase the peak-to-total spectral quality and identify weak channels. This method works in unison with other features, such as the photon shield, which is designed to reduce background.
The recoil chamber of SPICE is suitable for a range of charged-particle detectors, which can cover scattering angles up to 60
• for performing electron-ion coincidence measurements. Figure 7 shows the power of this technique with data collected during the α+ 110 Pd beam time. A charged-particle telescope of two S3 detectors was used to select the reaction product by identification of various charged particles;
110 Pd(α,α ) 110 Pd*, 110 Pd(α,α+n) 109 Pd* and 110 Pd(α,t) 111 Ag*. Each of these reaction products are highlighted in panels (b)-(d) of Figure 7 , respectively. The latter two examples show the quality of the electron spectra which can be obtained even for weak reaction channels. Alternatively to, or in combination with, charged-particle coincidence gating, further selectivity can be achieved by requiring a specific γ-ray detected in TIGRESS. SPICE is coupled to 12 HPGe TIGRESS clovers with a γ-ray detection efficiency of ≈9% at 1 MeV when operating in high-efficiency mode. In the same α+ 110 Pd reaction described above, coincidence γ-ray gating was able to select electrons from neutron-only channels 110 Pd(α,3n) 111 Cd and 110 Pd(α,4n) 110 Cd. Fig. 8 shows the γ-ray gated ICE spectra for the decay of isomeric states in 111 Cd populated in the reaction. The ungated ICE spectrum is shown in Figure 7a . From these extremely clean γ-ray gated ICE spectra, it is possible to perform ICE-γ timing coincidence measurements of long-lived states. For the 245.4-keV 5/2 + state in 111 Cd, a half-life of 84±18 ns was extracted in agreement with the literature value of 84.5±0.4 ns. Such techniques might be used, for example, in the case of a long lived 0 + → 0 + decay, to simultaneously extract both a lifetime and an electron branching ratio in order to determine the E0 transition strength.
Resolving Power
The in-beam resolving power of SPICE was demonstrated during the 12 C+ 196 Pt Coulomb excitation study. The reaction was dominated by a single-step excitation of the 2 + 1 355.7-keV state in 196 Pt. De-excitation γ rays and ICEs are shown in Figure 10 , where a gate has been placed on detected 12 C recoils to remove background from other reaction channels. The SPICE electron spectrum shows that the K-, L-and M-shell ICE lines for the 2 196 Pt are clearly resolved. With sufficient statistics, an in-beam calibration could improve upon this resolution by precisely aligning the energy response of all detector segments. Note that energy straggling in the thick, high-Z target foil, adds a significant exponential tail to the ICE peaks, particularly at low energies. These tails must be accounted for in peak fitting. The peaks observed here have a FWHM of 6.7 keV at 300 keV, which is slightly worse than the 4.2-keV FWHM at 1 MeV achieved with a 207 Bi source. The good energy resolution made it possible to perform a measurement of the conversion ratios of the different electron shells. In-beam normalisation of the efficiency curve was achieved using the 152 Sm target of the same beam time. States up to the 4022-keV 18 + 1 state in 160 Er were populated by the 152 Sm( 12 C,4n) 160 Er* reaction and the subsequent E2 decays within the yrast band were observed in SPICE and TIGRESS, as shown in Figure 9 , providing normalisation points. The resulting K-, L-and M-shell ratios for 196 Pt are given in Table 1 . [29] 2.65 (6) 3.13 (5) The values measured with SPICE are in good agreement with the theoretical values calculated using BrICC [29] .
Summary
The SPectrometer for Internal Conversion Electrons (SPICE) has been commissioned at TRIUMF's ISAC-II facility for use in conjunction with the TIGRESS γ-ray spectrometer. SPICE uses a permanent rare-earth magnetic lens to collect and direct internal conversion electrons emitted from the target position around a photon shield to a thick and highly segmented lithium-drifted silicon detector. This arrangement, combined with TIGRESS, enables high-resolution in-beam γ-ray and internal conversion electron spectroscopy to be performed with stable and radioactive ion beams. Commissioning runs have demonstrated that the design of SPICE significantly suppresses the flux of δ electrons, which typically hinders in-beam electron measurements. The initial performance shows excellent channel selection, with high resolving power and good detection efficiency for electrons in the medium-energy range, which is ideal for studies of electric monopole transitions.
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